Introduction
Genetic variation in traits closely related to ®tness, such as fecundity and juvenile survival, is common in natural populations (Mousseau & Roff, 1987; Simms & Rausher, 1989; Via, 1991; Houle, 1992) . The persistence of this variation at ®rst seems paradoxical, because one might expect natural selection to eliminate all but a single high®tness genotype from a population. Nonetheless, there are a number of plausible hypotheses for the maintenance of genetic variation in ®tness traits. These include mutation-selection balance (Houle et al., 1996; Charlesworth & Hughes, 1999) , antagonistic pleiotropy between different components of ®tness (Rose, 1982) , frequencydependent selection (Ayala & Campbell, 1974; Antonovics & Kareiva, 1988) and environmental heterogeneity (Levene, 1953; Haldane & Jayakar, 1963; Hedrick, 1986; Gillespie & Turelli, 1989) .
Indirect evidence that environmental heterogeneity can maintain genetic variation comes from the observation that allowing a population to adapt to one environment often reduces its ®tness in another (Ceccarelli, 1989; Hoffmann & Parsons, 1991; Mongold et al., 1996; Bell & Reboud, 1997; Ebert, 1998) . For example, in Drosophila melanogaster, selection for resistance to a parasitoid wasp resulted in decreased ability of larvae to compete for food (Fellowes et al., 1998 (Fellowes et al., , 1999 , and culturing populations at 16.5°C for 5 years resulted in declines in larval viability at 25°C (Partridge et al., 1994) . These sorts of observations suggest that genotypes favoured in some environments are selected against in others, a critical assumption of models for the maintenance of genetic variation by environmental heterogeneity. Nonetheless, another interpretation of the
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Abstract
Ethanol is an important larval resource and toxin for natural Drosophila melanogaster populations, and ethanol tolerance is genetically variable within and among populations. If ethanol-tolerant genotypes have relatively low ®tness in the absence of ethanol, as suggested by the results of an earlier study, genetic variation for ethanol tolerance could be maintained by variation in ethanol levels among breeding sites. I selected for ethanol tolerance in large laboratory populations by maintaining¯ies on ethanol-supplemented media. After 90 generations, the populations were compared with control populations in egg-to-adult survival and development rate on ethanol-supplemented and unsupplemented food. When compared on ethanol-supplemented food, the ethanol-selected populations had higher survival and faster development than the control populations, but on unsupplemented food, the populations did not differ in either trait. These results give no evidence for a`trade-off' between the ability to survive and develop rapidly in the presence of ethanol and the ability to do so in its absence. The effect of physiological induction of ethanol tolerance by exposing eggs to ethanol was also investigated; exposing eggs to ethanol strongly increased subsequent larval survival on ethanol-supplemented food, but did not affect survival on regular food, and slowed development on both ethanol-supplemented and regular food, partly by delaying egg hatch. observations is possible: ®tness of a population in an environment that it does not encounter may erode because of accumulation of deleterious alleles with environment-speci®c effects. Such alleles might increase in frequency as a result of recurrent mutation (Kawecki et al., 1997) , hitch-hiking caused by linkage with advantageous alleles (Peck, 1994) or simply genetic drift (Frankham et al., 1988) . Furthermore, even when genotypes with high ®tness in one environment initially have low ®tness in another (i.e. when a`trade-off' is initially present), genetic modi®ers that mitigate the trade-off may be favoured (McKenzie & Game, 1987; Lenski, 1997) , potentially allowing the appearance of a single genotype with maximum ®tness in all environments.
The relationship between D. melanogaster and environmental ethanol is a promising system to test the role of environmental heterogeneity in maintaining genetic variation for ®tness traits. In the wild, D. melanogaster larvae can be collected in fermenting fruits with ethanol concentrations up to 7% (McKenzie & McKechnie, 1979; Gibson et al., 1981) . Although the species as a whole is comparatively well-adapted to dietary ethanol (David & Van Herrewege, 1983; Merc Ëot et al., 1994) , populations respond rapidly to selection for higher ethanol tolerance (David & Bocquet, 1977; Gibson et al., 1979; Oakeshott et al., 1985; Chakir et al., 1996) , and mean ethanol tolerance is higher in populations from higher latitudes (David & Bocquet, 1975; Chakir et al., 1996) . The factors responsible for maintaining this genetic variation are not known.
A clue that environmental heterogeneity could maintain genetic variation in ethanol tolerance comes from the work of Oakeshott et al. (1985) . These authors maintained D. melanogaster lines from each of eight base populations on each of four ethanol concentrations (0, 3, 6 and 9%). After 30 generations, lines that had been maintained on ethanol-supplemented media had faster development and higher productivity on 9% test medium than did lines that had not previously been exposed to ethanol, indicating that the former lines had adapted to ethanol. Notably, on medium lacking ethanol, the ethanol-selected lines had substantially slower development and lower productivity than the unselected lines, providing evidence that ethanol-tolerant genotypes are at a ®tness disadvantage in the absence of ethanol.
Here, I report the results of a new set of selection experiments for larval ethanol tolerance in D. melanogaster. This work had three goals. First, I sought to replicate the ®nding that selecting for ethanol tolerance reduces larval ®tness components in the absence of ethanol. To the extent that such declines are reproducible with different base populations and in different laboratories, they are less likely to be caused by chance linkage disequilibrium, genetic drift or other confounding factors. Second, I examined how larval ®tness components in the presence and absence of ethanol changed in populations in which roughly half of the individuals were reared on each medium type each generation. In these`mixed'-regime populations, alleles that reduce ®tness on normal medium without affecting ®tness on ethanol-supplemented medium are much less likely to invade, either by genetic drift, hitch-hiking, or recurrent mutation, than in populations maintained only on ethanol-supplemented medium. In addition, if genotypes favoured on ethanolsupplemented food are selected against on normal medium, selection for modi®ers that mitigate the tradeoff should occur in the mixed populations, possibly allowing these populations to attain the same ®tness on normal medium as populations maintained continually on normal medium.
The third goal of this work was to examine how a physiological induction response changed in the populations selected for ethanol tolerance. Exposure of eggs to ethanol has been reported to greatly increase the ability of the resulting larvae to survive on medium containing ethanol (Bijlsma-Meeles, 1979; Kerver & Rotman, 1987) . The extent to which ethanol-tolerant genotypes are at a ®tness disadvantage in the absence of ethanol depends on the extent to which tolerance is inducible: if the mechanisms responsible for high ethanol tolerance are activated only when an egg or larva comes into contact with ethanol, there is little reason to expect those mechanisms to impose a ®tness cost in the absence of ethanol. Therefore, I investigated the effects of exposing eggs to ethanol on subsequent larval ®tness in the experimental populations.
Materials and methods

Rearing conditions
All¯ies were reared in 2.5-cm-diameter shell vials at 24±26°C under continuous light. The medium contained, per litre of water, 77 g cornmeal, 17 g killed brewer's yeast, 8 g agar and 59 mL molasses. To this was added 1.5 g methyl p-hydroxybenzoate and 0.3 mL benzyl benzoate, dissolved in 36.5 mL 95% ethanol, as preservatives (this mixture added about 3% ethanol to the food, but as the medium was ca. 80°C when it was added, some of the ethanol probably evaporated immediately). To make ethanol-supplemented medium, the amount of water in the recipe was reduced and 95% ethanol was added to produce the desired concentration after the medium had cooled to 47°C. Flies were handled under CO 2 anaesthesia.
Experimental populations
The base population for the selection experiment was derived from 47 isofemale lines that were collected in the vicinity of Raleigh, North Carolina, USA, in 1994. The lines were crossed in a`round-robin' scheme (line 1 females´line 2 males, line 2 females´line 3 males, etc.), and equal numbers of progeny from each cross were pooled to form the base population, which was maintained for ca. eight generations at a size of several thousand adults. In June 1995, this population was divided into six selection lines, consisting of two replicates of each of three treatments (Fig. 1) . The`R' populations were maintained on normal (regular) medium. The`E' populations were maintained on ethanol-supplemented medium; the ethanol concentration was 9% for the ®rst 15 generations, 12% from generations 16±30, 10% from generations 31±75 and 12% thereafter. The`M' populations (for`mixed') were reared on both medium types; in each generation, half of the adults were placed in vials containing regular food, and half in vials containing ethanol-supplemented food. This treatment was expected to select for ethanol tolerance, but more slowly than in the`E' populations.
Each population was maintained in 50 vials on 2-week discrete generations. When a new generation of an R or E population was to be set up, all¯ies emerging from the previous generation's vials were pooled; then 10±15 adults of each sex were introduced into each new vial. When a new generation of an M population was to be set up,¯ies from the regular food vials and ethanol food vials were pooled separately. The pooled set from regular food usually contained considerably more¯ies than that from ethanol food; in order to equalize the contribution of the two food types to the next generation (simulating`soft' selection; Christiansen, 1975) , some¯ies from regular food were discarded until there were approximately equal numbers of¯ies in the two groups. The groups were then mixed, and¯ies from the pooled mixture were placed in 25 new vials of each food type at the same density as above. Flies were allowed to lay eggs for 3 days and then removed.
Assays of survival and development rate
In order to remove possible maternal effects of the selection environment,¯ies from each population were reared for two generations on regular food at a density of two pairs per vial before being used to lay eggs for any of the assays described below.
Initial development rate comparisons. At generations 49 and 50, the six populations were compared in development rate on both ethanol-supplemented (10%) and regular food. For these comparisons, ®ve pairs of¯ies were allowed to lay eggs for 5 h in vials containing the appropriate food type. On days 8±14 after the vials were set up, adult progeny were counted and removed at least once per day. On regular food, emergence was complete by day 14; on ethanol food, additional counts were made on days 17 and 19. Average development time of males and females was calculated for each vial. Assays were conducted in two blocks on each food type, with 15 vials per population and block.
Main experiment. In the main experiment, conducted between generations 93 and 98, egg-to-adult survival and development time of each of the six populations was measured on each of four ethanol concentrations: regular medium (<3% ethanol), 8, 12 and 16% ethanol. Eggs were collected by allowing¯ies to oviposit on apple juice-agar medium (Ashburner, 1989 ; the amount of agar was reduced to 1 g per 100 mL) in the lids of 35 mm plastic Petri dishes. These lids ®t neatly into the mouths of standard Drosophila half-pint bottles, which were used as the laying chambers. A small smear of yeast paste was placed on the laying medium, and 50± 60 adults of each sex were placed in each bottle. Flies were allowed to lay eggs for 3 h. After this time, the yeast was removed by gently rinsing with distilled water.
The primary purpose of the main experiment was to determine whether the E and M populations had higher survival and faster development on ethanol-supplemented food, and lower survival and slower development on regular food, than the R populations. I simultaneously investigated how treating eggs with ethanol affected survival and development rate of the six populations. For this purpose, after the egg-laying period, the discs of apple juice-agar medium were removed from the Petri dishes and cut in half (Fig. 2) . One half was placed in a 60-mm Petri dish containing 4 mL of an 18% ethanol solution, and the other half was placed in a similar dish containing a control solution with no ethanol; to avoid hypotonicity, both solutions contained minerals and tartaric acid in 80% of the concentrations given by Kalmus (1943) . Eighteen percent of ethanol was chosen because each half-disc of agar was estimated to contain about 2 mL of liquid; thus the effective ethanol concentration to which the eggs were exposed was approximately 12%, the same concentration as used in the maintenance of the E and M populations. The Petri dishes were sealed with para®lm and incubated for 15±18 h at 22°C. After this time, the disc halves were rinsed gently with distilled water and blotted dry; small pieces of agar containing 45±55 eggs were then cut from the disc halves and placed in food vials. Emerging adults were counted daily through the 14th day after the vials were set up, by which time emergence had ceased. Analysis variables were the proportion surviving to the adult stage and average development time of males and females.
The main experiment was conducted in eight blocks set up on different weeks, each using genetically independent samples of¯ies from the populations. Within each block, four vials were set up at each combination of population, egg treatment and ethanol concentration of food medium, for a total of 1509 vials.
Effect of ethanol exposure on development time of eggs.
The main experiment showed that treating eggs with ethanol increased egg-to-adult development time of all populations, especially that of the R populations. To determine whether this was because of delayed egg hatch of ethanol-treated eggs, the time required for ethanoltreated and control eggs to hatch was measured, using eggs from the R and E populations. Eggs were collected and treated as above, except that the oviposition period was reduced to 2 h and the eggs were thereafter maintained at 25°C continuously. After 16 h of incubation in either 0 or 18% ethanol solution, a piece of agar containing 25±150 eggs (usually 50±100) was taken from each disc half. The rate of hatching of eggs on the piece was monitored by counting and removing newly hatched larvae at roughly hourly intervals, until approximately 24 h after the end of the egg-laying period. By this time, over 95% of the eggs that were destined to hatch had hatched, as determined by monitoring a subset of samples for an additional 16 h. The average time until hatching was calculated for each agar piece. The hatching time experiment was conducted in ®ve blocks on different weeks, between generations 105 and 110. Within a block, 4±12 agar pieces were monitored for each combination of population and egg treatment, for a total of 375 pieces.
Survival and development rate under competitive conditions. Two additional experiments were conducted to determine if the R and E populations differed in survival and development rate under harsh competitive conditions, in the absence of ethanol. To create harsh conditions, medium containing one-quarter the normal amount of the food ingredients was used, and the populations were reared in competition with a strain bearing the sparkling-poliert eye marker. The competitor strains for the ®rst and second experiments had genetic backgrounds derived predominantly from the R and E populations, respectively. These strains were created by crossing R1 (E1) females to spa pol males, allowing the F 1 to mate among themselves, collecting F 2 spa pol males and mating them to R2 (E2) females, allowing the progeny of this cross to mate among themselves, and ®nally collecting spa pol virgin females and males to establish the spa pol stock. Because spa pol resides on the tiny fourth chromosome, the resulting stocks are expected to have threequarters of their autosomal genes and ®ve-sixths of their X chromosome genes derived from the R or E populations.
The experiment using the R background competitor was conducted between generations 80 and 84, and used somewhat different methods than any of the other experiments. The dilute food was poured into 35 mm Petri dishes instead of vials, and 75 larvae from each of the competitor strain and an R or E population were placed in each dish. The 35 mm dishes were taped to the bottoms of 100´20 mm Petri dishes, which were taped shut. Most larvae pupated on the sides of the small dish or the bottom of the large dish. Adults were counted and removed on days 10, 12, 14, 16 and 19. There were four blocks, with 12±13 dishes per population per block (total 50 dishes per population). 
Selection for ethanol tolerance in Drosophila 299
The experiment using the E background competitor was conducted at generations 100 and 101. Vials were used instead of dishes. Eggs were collected on apple-juice laying medium, and agar pieces containing 35 eggs of the competitor and 35 eggs from an R or E population were placed in each vial. (A pilot experiment using 75 eggs each resulted in very low adult emergence; although the volume of dilute food in the vials was similar to that in the dishes of the ®rst experiment, the greater food surface area in the dishes apparently allowed higher survival). Emerging adults were counted daily until day 19. There were three blocks, with 12 vials per population and block.
Analysis variables in the two experiments were the proportion of wild-type (R or E population)¯ies among the emerging¯ies, and the average time to develop of the wild-type¯ies, with sexes not distinguished.
Statistical analysis. All experiments were analysed using the`Mixed' procedure in SAS version 8 (Littell et al., 1996) . Except for the initial assays of development rate, in which there were only two blocks, analyses were performed on the block means of each populationtreatment combination. In addition to simplifying and balancing the analyses, this resulted in more normally distributed values. Proportions surviving in the main experiment were angular-transformed (before averaging) in order to remove the dependence of the variance on the mean (Larsen & Marx, 1981) ; means displayed little variation in the other experiments, so transformation was unnecessary. Selection regime (R, E and M), food type (when applicable) and egg treatment (when applicable) were treated as ®xed effects, and population within regime and block were treated as random. All possible interactions between these factors were included in the models; interactions involving only ®xed main effects were treated as ®xed whereas all others were treated as random. In the initial assays of development rate, progeny density was not controlled, and development time increased with increasing numbers of progeny per vial, probably because of crowding. Progeny number was therefore used as a (®xed) covariate; further details are given below.
The`Mixed' procedure produces variance component estimates and standard errors (SEs) for the random effects, and F-tests for the ®xed effects. Satterthwaite approximate F-tests were obtained using thè ddfm Satterth' option. With this option, SAS calculates appropriate denominator mean squares after dropping from the model random effects that explain zero variance; thus, denominator d.f. can vary considerably between different datasets with identical designs, depending on which random effects were dropped. When the effect of selection regime in the main experiment was signi®cant, single d.f. contrasts were performed to determine which selection regimes differed. Variance component estimates and signi®cance tests for the random effects are not reported in most cases; these effects are usually of little biological interest, and variation caused by them is accounted for in the tests for the ®xed effects. In the few cases where random effects were of interest, signi®cance tests were obtained by re-running the analysis with the random effect deleted; under the null hypothesis, twice the difference in log-likelihoods between the models with and without the effect should have a v 2 distribution with one d.f. (Littell et al., 1996) .
Results
Initial development rate comparisons
In the initial development rate comparisons at generation 50, progeny density was not controlled, and there were signi®cant linear and quadratic effects of the number of progeny per vial on development time of both males and females (Table 1) . On food supplemented with 10% ethanol, there was signi®cant variation among the three selection regimes in both the intercepts and the linear terms (Table 1A) . On regular food, in contrast, there was no signi®cant variation among regimes in either intercepts or linear terms (Table 1B) . Adding a ®xed interaction between (no. progeny) 2 and selection regime did not signi®cantly improve the ®t of the model in any case (P > 0.1). On both food types, the random effect of population within regime was not signi®cant in either sex (P > 0.25). In addition, on both food types, mean progeny numbers did not differ among regimes (P > 0.8), or among populations within regimes (P > 0.1).
The estimated relationships between progeny number and development time are shown in Fig. 3 . In most cases, development time increased with increasing progeny number, suggesting that development was delayed in the more crowded vials. Nonetheless, on ethanol food, E population¯ies took less long to develop than¯ies from the other regimes over the entire range of observed progeny numbers (Fig. 3A & B) . R population¯ies took the longest to develop and development time of M population¯ies was intermediate. In contrast, on regular food, although development time increased sharply with density, the curves for the three regimes are similar (Fig. 3C & D) .
These results indicate that by generation 50, selection had increased development rate of the E and M populations on ethanol-supplemented food, without affecting their development rate on regular food. Because of the strong density effects observed in these assays, the number of eggs per vial was controlled in subsequent assays.
Main experiment
In this experiment, egg-to-adult survival and development time was measured on media containing 16, 12, 8 and <3% ethanol; before being placed in food vials, eggs were treated with solutions containing either 0 or 18% ethanol. Results for survival, development time of females, and development time of males are shown in Figs 4±6, respectively.
In the analysis of all four food types together, there were signi®cant main effects of food type, selection regime and egg treatment on each of the three traits, and the food by regime interaction was signi®cant or nearly so in each case ( Table 2 ). The food by egg treatment interaction was signi®cant for viability but not for development time whereas the regime by egg treatment interactions were signi®cant for development time but Selection for ethanol tolerance in Drosophila 301 not viability. The three way interaction was signi®cant only for viability (Table 2) . Turning to analyses of data from each food type separately, treating eggs with ethanol signi®cantly increased survival on all three concentrations of ethanol-supplemented medium (Table 3) ; on 16 and 12% ethanol food, the effect was substantial (Fig. 4) . Selection regime signi®cantly in¯uenced survival on 16 and 12% ethanol, and had a nearly signi®cant effect on 8% ethanol. In single d.f. contrasts, the E populations had signi®cantly higher survival (P < 0.05) than the R populations at all three concentrations and had signi®cantly higher survival than the M populations on 12% ethanol. The M populations had signi®cantly higher survival than the R populations on both 16 and 12% ethanol. The interaction between selection regime and egg treatment approached signi®cance on 16 and 8% ethanol (Table 3) .
In contrast to its bene®cial effect on survival on ethanol-supplemented food, treating eggs with ethanol delayed development on 12 and 8% ethanol food (Figs 5 & 6, Table 3 ; there were too few survivors on 16% ethanol for analysis of development time). On 12 and 8% ethanol, there were signi®cant effects of selection regime on development time of both males and females. In each case, the E and M populations developed signi®cantly faster than the R populations, but did not differ signi®-cantly from each other. There were no signi®cant interactions between selection regime and egg treatment for development time on 12 and 8% ethanol, although the interaction approached signi®cance in one case (Table 3) .
In contrast to the results on ethanol-supplemented food, there was no signi®cant effect of either selection regime or egg treatment on survival on regular food, nor was the interaction between the two signi®cant (Table 3 , Fig. 4) . The main effects of selection regime on development time on regular food were not signi®cant in either females or males, but there were signi®cant (P < 0.01) interactions between selection regime and egg treatment (Table 3) . Ethanol treatment of eggs tended to delay development on regular food (as on ethanol food), but did so more for the R populations than for the other populations ( Figs 5 & 6) ; mean delays were 0.05±0.14 day in the E and M populations, compared with 0.36±0.42 day in the R populations. Considering only eggs not treated with ethanol, there were no signi®cant effects of selection regime on development time of either females (F 2,3 0.34, P 0.73) or males (F 2,3 0.64, P 0.59) on regular food. These results give no evidence that the E and M populations had lower larval ®tness on regular food than the R populations; thus, there is no evidence for a`trade-off' between ®tness in the presence and absence of ethanol. The extent to which the replicate populations differed in survival or development rate gives information on the extent to which genetic drift may have in¯uenced the results of the selection experiment. In no case was the variance component because of populations within regimes signi®cantly different from zero at the 0.05 level (Table 4) , although the variance approached signi®cance in two cases (development time of males and females on regular food). The interaction between replicate population and egg treatment was always nonsigni®cant (Table 4) . These results indicate that there was relatively little divergence between the replicate populations.
Effect of ethanol exposure on development time of eggs
The main experiment indicated that treating eggs with ethanol delayed egg-to-adult development and did so more in the R populations than in the other populations; this accounts for the signi®cant regime by egg treatment interactions in the overall analysis (Table 2) . I hypothesized that exposure to ethanol delayed egg hatch, and that the E and M populations had partly counteradapted to this adverse effect of ethanol. To test these possibilities, I measured hatching time of both ethanol-treated and control eggs from the R and E populations (Fig. 7) . Exposure to ethanol signi®cantly delayed egg hatch (F 1,4.18 34.31, P 0.0037), but there was no effect of selection regime on hatching time (F 1,2 0.05, P 0.85), nor was the egg treatment´regime interaction signi®cant (F 1,2 7.63, P 0.11). The average hatching delay of 84 min accounts for a substantial proportion of the delays in egg-to-adult development on regular food observed when E and M population eggs were treated with ethanol (Figs 5 & 6; average delay of 0.09 day, or 130 min), but accounts for only a small proportion of the delay experienced by R population eggs (average 0.37 day, or 530 min). These results indicate that the egg treatment´regime interactions for egg-toadult development time on regular food cannot be explained by a similar interaction for hatching time.
Competition experiments
When competed on dilute food against a marked competitor strain with genetic background from the R * 0.05 < P < 0.10. All others P > 0.1.
populations, the E populations appeared to do marginally better than the R populations, giving rise to higher proportions of wild-type¯ies, and developing faster by an average of about 1 day (Table 5 ). The effect of selection regime was not quite signi®cant for either trait, however. When a competitor strain with genetic background from the E populations was used, the R populations gave rise to slightly higher proportions of wild-type¯ies (Table 5) , although again the effect of selection regime was not signi®cant. Development time of the E and R populations was similar in this case.
Discussion
Adaptation to ethanol, and absence of evidence for trade-offs I observed adaptation to ethanol in four large laboratory populations that were maintained wholly (E1 and E2) or partly (M1 and M2) on ethanol-supplemented food for ca. 100 generations: when tested on ethanol-supplemented food, these populations had higher egg-to-adult survival and faster development rate than populations (R1 and R2) which had not previously been exposed to ethanol. In addition, the E populations had higher survival on ethanol food than the M populations, showing that rearing 50% of the¯ies on regular food each generation signi®cantly slowed the selection response of the latter populations. In spite of the clear superiority of the E and M populations on ethanol-supplemented food, I found no evidence that these populations were inferior to the R populations in survival or development rate on regular food. In contrast, when Oakeshott et al. (1985) selected eight different base populations for tolerance of 9% ethanol food for 30 generations, the selected lines took an average of a day longer to develop on regular food than the unselected lines. Oakeshott et al. used a different method for measuring development time, and it is possible that this, as well as the different base populations used, caused the difference between their results and mine. A possibility that needs to be seriously considered, however, is that the declines in development rate on regular food that Oakeshott et al. observed were the result of inbreeding depression. Each generation of each selection line was initiated with approximately 40 adults of each sex; even if one generously assumes that effective population size was 75% of actual population size (Frankham, 1995) , the inbreeding coef®cient after 30 generations would have been 0.22, about the same as for a full-sib mating. Furthermore, inbreeding is likely to have been more severe in the ethanol-selected lines because strong selection reduces effective population size (Robertson, 1961) . Although development rate has received relatively little attention in studies of inbreeding depression in Drosophila, Roper et al. (1993) showed that inbreeding can depress development rate in selected populations. Inbreeding depression does not appear to have had a substantial effect on my results; when I crossed the replicate E and R populations, the hybrids had similar development rate on regular food as the pure populations (J. D. Fry, unpublished data).
An alternative explanation as to why I did not observe trade-offs is that modi®ers were selected for in the E and M populations that mitigated initial negative effects of alleles conferring higher ethanol tolerance. Such modi- ®ers would have to have been in high frequency by generation 50, by which time the E and M populations were similar to the R populations in development time on regular food (indeed, the slight tendency at this time was for slower development in the R populations; Fig. 3 ).
There is some reason to doubt the ubiquity of modi®ers that can ameliorate negative effects of genes favoured under stressful regimes, however. In spite of the clear example of a modi®er of the ®tness effects of an organophosphate resistance gene in the Australian sheep blow¯y (McKenzie & Game, 1987; Davies et al., 1996) , similar resistance modi®ers in other insect species do not appear to be common (Roush & McKenzie, 1987) . Perhaps more relevant to the current experiment, in at least four experiments with Drosophila, apparent negative pleiotropic effects of adaptation to stressful regimes have persisted in experiments lasting about the same number of generations as the current experiment. Selecting for accelerated development for 125 generations resulted in a 10% reduction of larval viability (Chippindale et al., 1997) ; maintaining populations at 16.5°C for 5 years resulted in lower survival at 25°C (Partridge et al., 1994) , selecting for large body size for 49 generations reduced larval competitive ability (Partridge & Fowler, 1993) ; maintaining populations under severe crowding for 50 generations resulted in lower survival to pupation under food-limited conditions (Joshi & Mueller, 1996) . In all of these cases, inbreeding depression was either ruled out or does not appear to have been likely as a cause of the declines. Like those of Oakeshott et al. (1985) , my ethanolselected populations did not have lower survival on regular food under uncrowded conditions than the nonselected populations. This is not surprising because survival was uniformly high (ca. 80%) in both studies, indicating that uncrowded regular food is a benign environment. Because trade-offs are sometimes easier to detect under harsh conditions than under benign conditions (e.g. Partridge & Fowler, 1993) , I also tested the E and R populations for survival and development rate on dilute regular food under competitive conditions. Although the differences were not quite signi®cant, the E populations appeared to do better than the R populations by both measures when the competitor strain was related to the R populations. In contrast, when the competitor strain was related to the E populations there was no difference in development rate, but the R populations may have had slightly higher survival than the E populations, although this difference was also nonsignificant. These results therefore suggest the possibility that each population did worse in competition with the marker stock more closely related to itself than in competition with the less closely related stock. Numerous studies have documented such negative frequency-dependent selection for viability in Drosophila (reviewed in Ayala & Campbell, 1974; Antonovics & Kareiva, 1988) . The most important conclusion from the competitive assays, however, is that adaptation to ethanol did not lower the general competitive ability of the E populations.
Induction of ethanol tolerance by exposure of eggs to ethanol
My results con®rm that ethanol tolerance in D. melanogaster larvae is inducible: larvae that hatch from eggs that develop in contact with ethanol have higher survival on ethanol-supplemented food than those hatching from eggs not exposed to ethanol (Bijlsma-Meeles, 1979; Kerver & Rotman, 1987; Bijlsma & Bijlsma-Meeles, 1991) . The inducibility of ethanol tolerance provides a potential mechanism by which ethanol-tolerant genotypes could avoid having low ®tness in the absence of ethanol: even if the mechanisms responsible for high ethanol tolerance are costly in the absence of ethanol, the costs will be realized only to the extent that the mechanisms are activated constitutively. If I had observed no difference between the populations in ethanol tolerance of larvae hatching from eggs not exposed to ethanol, there would have been little reason to expect larvae from the E and M populations to have had lower survival or slower development in the absence of ethanol than larvae from the R populations. Such differences were observed, however, both for survival (Fig. 4) and development rate (Figs 5 & 6) , indicating that ethanol tolerance in the E and M populations was to some extent constitutive.
My results give some information, albeit highly indirect, on whether activation of mechanisms necessary for high ethanol tolerance would reduce ®tness when ethanol is absent. Exposing eggs to ethanol did not lower the subsequent survival of larvae on regular food, giving no evidence for such a cost. However, ethanol treatment of eggs slowed egg-to-adult development on both regular and ethanol-supplemented food, partly by increasing the amount of time it took eggs to hatch. It is possible that the delays in development rate caused by treating eggs with ethanol re¯ect a cost of induction; alternatively, the delays may simply have resulted from toxic effects of ethanol. Some evidence argues against the former explanation. If the slowing of development rate re¯ected a cost of induction, then those populations showing greater induction of tolerance would be expected to show greater slowing of development rate when eggs are treated with ethanol. Contrary to this prediction, ethanol slowed the embryonic development period of the E and R populations to a similar extent (Fig. 7) but ethanol tolerance appeared to be more strongly inducible in the E populations than in the R populations. This can be seen from the following comparison (Fig. 4) : on 16% ethanol, ethanol treatment of eggs increased survival of the E populations from 0.06 to 0.64, whereas on 12% ethanol, ethanol treatment of eggs increased survival of the R populations from 0.14 to only 0.50. The degree of induction of tolerance in the different populations can also be visualized in a scatter plot of survival of ethanol-treated eggs on the ordinate vs. survival of control eggs on the abscissa (Fig. 8) ; for a given survival of control eggs, the distance of a point from the diagonal line re¯ects the degree to which survival is improved by treating eggs with ethanol. For most of the plot, the points from the R populations lie below those from the other populations (Fig. 8) .
One might have predicted that the M populations, in which only half the individuals encounter ethanol each generation, would show a greater degree of inducibility of ethanol tolerance than the E populations, in which every individual encounters ethanol. In the E populations, constitutive tolerance should serve as well as inducible tolerance; in fact, if there is a cost to maintaining mechanisms for responding to ethanol concentration (a.k.a., a cost of phenotypic plasticity; Van Tienderen, 1991) , constitutive tolerance might be favoured over inducible tolerance in the E populations. Figure 8 shows, however, that inducibility of tolerance in the M populations was not greater than in the E populations. It is possible that not enough time had elapsed for such a difference to emerge; I plan to retest the populations after another ca. 100 generations of selection to check this possibility. It is also possible, of course, that no cost of phenotypic plasticity exists in this system.
On regular food, the development delay of the R populations caused by treating eggs with ethanol was greater than in the E and R populations, and much greater than can be accounted for by the effect of ethanol exposure on egg development. The simplest explanation for this is that the R population larvae were affected by residual ethanol in the agar pieces that were used to transfer eggs to the regular food vials; although the agar was rinsed with distilled water after being soaked in ethanol, some ethanol undoubtedly remained.
In addition to causing high larval mortality, ethanol in the food delays egg-to-adult development considerably. The fact that exposing eggs to ethanol alleviates the ®rst effect but not the second suggests that the lowering of survival and slowing of development may arise from different causes. In support of this view, it appeared that the majority of mortality on ethanol-supplemented food took place within 24 h after the eggs had hatched (J.D. Fry, unpublished observations). The slowing of development, in contrast, seems more likely to have resulted from the effects of feeding on ethanol-supplemented food throughout larval development, rather than being caused only by exposure to ethanol within the ®rst 24 h. Late in larval development, it is likely that most of the ethanol in the medium had been converted to acetic acid by microbial activity (Hageman et al., 1990) ; therefore it is possible that the slowing of development was partly caused by acetic acid buildup.
The mechanism of the induction of ethanol tolerance is not fully understood. Exposing eggs to ethanol causes an increase in alcohol dehydrogenase activity (BijlsmaMeeles, 1979; Kerver & Rotman, 1987) but increases the ethanol tolerance of Adh null strains as well (Bijlsma & Bijlsma-Meeles, 1991) . It is possible that other enzymes involved in ethanol degradation (Geer et al., 1993) are induced by exposing eggs to ethanol. In addition, ethanol induces production of stress (heat-shock) proteins in a variety of organisms (Li & Hahn, 1978; Michel & Starka, 1987; Feder et al., 1995) , and this response has been associated with increased ethanol resistance in a bacterium (Michel & Starka, 1987) and yeast (Feder et al., 1995) .
The inducibility of ethanol tolerance explains some initially puzzling observations I made. Flies from the R populations produce large numbers of adult progeny when allowed to lay eggs in vials containing 10±12% Selection for ethanol tolerance in Drosophila 307 ethanol (J.D. Fry, unpublished data). For example, in the initial development rate comparisons on 10% ethanol, in which ®ve females were allowed to lay eggs for 5 h, the mean number of progeny was about 60, and there were no signi®cant differences among the selection regimes in progeny number. At about the same time, however, preliminary comparisons of larval survival were made by transferring larvae to vials with 10% ethanol food. Survival of larvae from the R populations was extremely low, only about 15%, compared with ca. 50% survival of larvae from the E populations (J.D. Fry, unpublished data). This difference in results makes sense in light of the induction effect: the eggs laid in ethanol food developed in contact with ethanol whereas the larvae transferred in the survival experiment had not been previously exposed to ethanol. The induction response appears critical for allowing laboratory populations to thrive on medium with 10% or more ethanol. It is notable that even after nearly 100 generations of selection, survival of noninduced eggs from the E populations on 12 and 16% ethanol was lower than that of induced eggs from the R populations (Fig. 4) .
Conclusion
Given that ethanol appears to be an important selective agent in D. melanogaster populations (Merc Ëot et al., 1994; Ashburner, 1998) , it is not clear why genetic variation for ethanol tolerance is prevalent. The results reported here suggest there is no simple trade-off between the ability to survive and develop rapidly in the presence of ethanol, and the ability to do so in its absence. I have not examined adult ®tness traits, so it remains possible that ethanoltolerant genotypes are at a disadvantage in terms of fecundity, mating success or longevity in the absence of ethanol (cf. Oakeshott et al.'s (1985) ®nding that ethanoladapted populations had lower productivity on regular food). Another possibility is that selection against ethanol-tolerant genotypes involves some feature of the natural environment that would be dif®cult to reproduce in the laboratory. For example, Eanes (1999) suggests that the cline in Adh-allele frequencies, which accounts for some but not all of the cline in ethanol tolerance (Chakir et al., 1996) , may be driven by selection for higher lipid content in high-latitude populations. Much ethanol consumed by both larvae and adults is used in lipid synthesis, and the higher activity Adh-Fast allele results in greater lipid synthesis in larvae (Freriksen et al., 1991) . The implication of Eanes' hypothesis is that in equatorial populations,¯ies possessing the fast allele may accumulate more lipid than is optimal for their environment; such selection on lipid levels might be dif®cult to reproduce in a laboratory setting. Whether correct or not, Eanes' hypothesis illustrates that understanding the maintenance of genetic variation in ethanol tolerance is likely to require identifying the genes involved and characterizing both their physiological and ecological effects.
